In order to characterize the structural elements that might play a role in non-covalent DNA binding by the antitumor antibiotic leinamycin, we have solved the crystal structures of the two leinamycin analogs, methyl (R)-5-{2-[1-(tert-butoxycarbonylamino)ethyl]thiazol-4-yl}penta-(E,E)-2,4-dienoate, C 16 H 22 N 2 O 4 S, (II), and 2-methyl-8-oxa-16-thia-3,17-diazabicyclo[12.2.1]heptadeca-(Z,E)-1(17),10,12,14-tetraene-4,9-dione, C 14 H 16 N 2 O 3 S, (III). The penta-2,4-dienone moiety in both of these analogs adopts a conformation close to planarity, with the thiazole ring twisted out of the plane by 12.9 (2) in (II) and by 21.4 (4) in (III).
Comment
Leinamycin, (I), is a natural product with promising antitumor activity (Hara et al., 1989 (Hara et al., , 1990 . This activity is believed to result from the ability of the compound to damage cellular DNA (Hara et al., 1990; Asai et al., 1996; Mitra et al., 1997; Breydo et al., 2001) . Leinamycin has a unique structure, containing an unusual 1,2-dithiolan-3-one 1-oxide moiety connected by a spiro linkage to an 18-membered macrocycle. This antibiotic is capable of both DNA alkylation and oxidative DNA damage (Gates, 2000) .
Recent studies showing that leinamycin does not ef®ciently alkylate single-stranded DNA suggest that non-covalent association of leinamycin with the double helix facilitates DNA alkylation by the antibiotic (Asai et al., 1996; Breydo et al., 2002) . It seems likely that the macrocycle of leinamycin plays a major role in non-covalent binding of the compound to DNA. Thus, in order to understand better the nature of the interaction between leinamycin and DNA, it is important to characterize the three-dimensional structure of the thiazol-5ylpenta-2,4-dienone fragment of the antibiotic. Although the crystal structures of leinamycin and several of its derivatives have been solved previously (Hirayama & Matsuzawa, 1993; Kanda et al., 1999) , the coordinates for these structures have not been published.
As part of an investigation of non-covalent DNA binding by leinamycin, we prepared several (E,E)-and (Z,E)-thiazol-5ylpenta-2,4-dienones. Here, we present the crystal structures of methyl (R)-5-{2-[1-(tert-butoxycarbonylamino)ethyl]thiazol-4-yl}penta-(E,E)-2,4-dienoate, (II), and 2-methyl-8-oxa-16-thia-3,17-diazabicyclo[12.2.1]heptadeca-(Z,E)-1(17), 10, 12, (III) . Our results provide the ®rst detailed structural information regarding leinamycin analogs containing the thiazol-5-ylpenta-2,4-dienone moiety.
The structures of (II) and (III) reveal that the penta-2,4dienone fragment is nearly planar [to within 0.02 A Ê for (II) and 0.05 A Ê for (III)], similar to the known structures of compounds containing an ,,,-conjugated carbonyl group (Cox, 1994; Rabinovich & Schmidt, 1967) . The bond lengths in the penta-2,4-dienone system indicate conjugation (Ladd & Palmer, 1993; Wiberg et al., 1991) between the double bonds and with the thiazole ring. In both compounds, the thiazole ring is twisted out of plane relative to the penta-2,4-dienone moiety, by 12.9 (2) in (II) and by 21.4 (4) in (III) (PLATON; Spek, 2001) . Presumably, this twist serves to minimize steric repulsion between the lone pair on the thiazole N atom and an adjacent H atom [H12 in (II) and H11 in (III)]. This assumption is supported by a comparison with the known structure of epothilone B, (IV) (Hoe¯e et al., 1996) , which contains an alkene moiety in the C4 position of the thiazole ring that is also slightly twisted out of plane.
Although the coordinates for the crystal structure of leinamycin are not available, the graphical representations that have been published (Hirayama & Matsuzawa, 1993) indicate that the antibiotic also adopts a conformation with a nearly planar penta-2,4-dienone moiety and with the thiazole ring twisted slightly out of plane. The 18-membered macrocycle of leinamycin clearly presents a large hydrophobic surface that may drive association of the natural product with the hydrophobic major groove of duplex DNA (Jadhav et al., 1999) . In addition, it is possible that the conjugated thiazol-5-ylpenta-2,4-dienone moiety found in leinamycin may represent a novel type of DNA intercalator, where individual double bonds are part of the intercalating system. Several examples of such small intercalators are known and include esperamycin A1 (Yu et al., 1994) , C-1027 (Yu et al., 1995) , and amiloride (Bailly et al., 1993) . The results reported here may provide important structural information that will ultimately help in the understanding of the detailed nature of the noncovalent interactions between leinamycin and DNA.
Experimental
Compounds (II) and (III) were prepared from (R)-N-tert-butoxycarbonylalanine and their syntheses will be described separately. Racemization of compound (III) occurred in the course of the synthesis. Crystals of both compounds suitable for X-ray diffraction analysis were obtained by slow evaporation of dichloromethane solutions.
Compound (II)
Crystal data 
Data collection
Bruker SMART CCD area-detector diffractometer 3 scans Absorption correction: multi-scan (SADABS; Sheldrick, 1996; Blessing, 1995) T min = 0.89, T max = 0.94 3484 measured re¯ections 2820 independent re¯ections 2702 re¯ections with I > 2'(I) R int = 0.019 max = 27.1 h = À6 3 6 k = À7 3 7 l = À19 3 16
Re®nement
Re®nement on F 2 R[F 2 > 2'(F 2 )] = 0.035 wR(F 2 ) = 0.100 S = 1.12 2820 re¯ections 213 parameters H-atom parameters constrained
)/3 (Á/') max < 0.001 Á& max = 0.25 e A Ê À3 Á& min = À0.26 e A Ê À3 Absolute structure: Flack (1983); 908 Friedel pairs Flack parameter = 0.07 (7) Compound (III) 
Data collection
Bruker SMART CCD area-detector diffractometer 3 scans Absorption correction: multi-scan (SADABS; Sheldrick, 1996; Blessing, 1995) T min = 0.77, T max = 0.98 4350 measured re¯ections 2391 independent re¯ections 2177 re¯ections with I > 2'(I) R int = 0.023 max = 27.1 h = À12 3 12 k = À10 3 11 l = À10 3 8
Figure 2
A view of the molecule of (III), shown with 50% probability displacement ellipsoids. H atoms are drawn as small spheres of arbitrary radii. Table 1 Selected geometric parameters (A Ê , ) for (II).
À8.9 (4) Table 2 Hydrogen-bonding geometry (A Ê , ) for (II).
Symmetry code: (i) 1 xY yY z.
Re®nement
Re®nement on F 2 R[F 2 > 2'(F 2 )] = 0.030 wR(F 2 ) = 0.070 S = 1.00 2391 re¯ections 182 parameters H-atom parameters constrained
Absolute structure: Flack (1983); 812 Friedel pairs Flack parameter = 0.05 (7) H atoms were placed at calculated positions and were updated with each cycle of re®nement, but not re®ned. The CÐH distances were ®xed in the range 0.95±1.00 A Ê and NÐH distances were ®xed at 0.88 A Ê . The displacement parameters were ®xed at 1.2 times the equivalent isotropic displacement parameter of the parent atom. The analysis of (II) [with a Flack (1983) parameter of 0.07 (7)] establishes the R absolute con®guration. For racemic (III) in space group Pc, the Flack parameter [0.05 (7)] shows that the correct polarity has been chosen.
For both compounds, data collection: SMART (Bruker, 1998) ; cell re®nement: SAINT (Bruker, 1998) ; data reduction: SAINT; program(s) used to solve structure: SHELXS97 (Sheldrick, 1997); program(s) used to re®ne structure: SHELXL97 (Sheldrick, 1997); molecular graphics: ORTEPIII (Burnett & Johnson, 1996) ; software used to prepare material for publication: CIFTAB in SHELXL97. Table 3 Selected geometric parameters (A Ê , ) for (III Hydrogen-bonding geometry (A Ê , ) for (III). For both compounds, data collection: SMART (Bruker, 1998) ; cell refinement: SAINT (Bruker, 1998) ; data reduction:
organic compounds
SAINT; program(s) used to solve structure: SHELXS97 (Sheldrick, 1997); program(s) used to refine structure: SHELXL97
(Sheldrick, 1997); molecular graphics: ORTEPIII (Burnett & Johnson, 1996) ; software used to prepare material for publication: CIFTAB (Sheldrick, 1997). Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq S1 0.87448 (9) 0.75876 (8) (9) 0.0312 (9) −0.0110 (7) 0.0002 (7) −0.0184 (7) N1 0.0256 (9) 0.0277 (8) 0.0280 (10) −0.0085 (7) −0.0043 (8) −0.0052 (7) C1 0.0201 (10) 0.0262 (9) 0.0305 (12) −0.0081 (7) 0.0028 (9) −0.0094 (8) (18) H8A-C8-H8C 109.5 N1-C1-S1 114.85 (17) H8B-C8-H8C 109.5 C4-C1-S1 121.34 (16) C6-C9-H9A 109.5 C5-N2-C4 119.94 (18) C6-C9-H9B 109.5 C5-N2-H2 120.0 H9A-C9-H9B 109.5 C4-N2-H2 120.0 C6-C9-H9C 109.5 C3-C2-N1 114.5 (2) H9A-C9-H9C 109.5 C3-C2-C11 125.5 (2) H9B-C9-H9C 109.5 N1-C2-C11 120.0 (2) C6-C10-H10A 109.5 C15-O3-C16 115.5 (2) C6-C10-H10B 109.5 C2-C3-S1 110.8 (2) H10A-C10-H10B 109.5 C2-C3-H3 124.6 C6-C10-H10C 109.5 S1-C3-H3 124.6 H10A-C10-H10C 109.5 N2-C4-C1 111.60 (18 Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger.
x y z U iso */U eq S1 0.51970 (6) 0.85254 (6) 1.15002 (7) 0.04036 (15) (7) 0.0017 (6) O2 0.0263 (8) 0.0388 (8) 0.0397 (9) 0.0023 (6) 0.0057 (7) −0.0088 (7) O3 0.0357 (9) 0.0624 (11) 0.0535 (12) −0.0078 (8) 0.0044 (8) −0.0188 (9) N1 0.0275 (8) 0.0237 (8) 0.0280 (9) 0.0004 (6) 0.0083 (7) 0.0011 (6) N2 0.0306 (9) 0.0260 (8) 0.0242 (9) 0.0018 (7) 0.0084 (8) 0.0009 (7) C1 0.0270 (10) 0.0274 (10) 0.0236 (11) −0.0022 (8) 0.0071 (8) 0.0022 (8) C2 0.0262 (11) 0.0330 (11) 0.0443 (14) 0.0037 (8) 0.0113 (10) 0.0011 (9) C3 0.0262 (10) 0.0257 (9) 0.0326 (11) 0.0018 (7) 0.0139 (9) 0.0035 (8) C4 0.0305 (10) 0.0299 (10) 0.0247 (11) −0.0001 (8) 0.0081 (9) −0.0022 (8) C5 0.0314 (11) 0.0234 (9) 0.0251 (11) 0.0037 (8) 0.0107 (9) −0.0029 (8) C6 0.0311 (11) 0.0294 (10) 0.0336 (12) 0.0064 (8) 0.0125 (10) 0.0043 (9) C7 0.0255 (10) 0.0351 (11) 0.0395 (13) 0.0061 (8) 0.0136 (10) 0.0057 (9) C8 0.0224 (10) 0.0387 (12) 0.0472 (14) 0.0015 (8) 0.0071 (10) −0.0002 (10) C9 0.0362 (12) 0.0328 (11) 0.0408 (14) −0.0078 (9) 0.0092 (11) −0.0055 (10) C10 0.0401 (12) 0.0308 (11) 0.0392 (12) −0.0037 (9) 0.0140 (10) −0.0085 (9) C11 0.0352 (11) 0.0240 (9) 0.0337 (11) −0.0003 (8) 0.0142 (10) −0.0035 (8) C12 0.0414 (12) 0.0237 (10) 0.0364 (12) 0.0014 (9) 0.0170 (10) −0.0044 (9) C13 0.0335 (11) 0.0254 (10) 0.0397 (13) 0.0059 (8) 0.0170 (10) 0.0009 (9) C14 0.0369 (13) 0.0289 (11) 0.0475 (14) −0.0050 (9) 0.0138 (11) −0.0073 (10)
Geometric parameters (Å, º) S1-C2 1.711 (2) C6-H6A 0.9900 S1-C1 1.740 (2) C6-H6B 0.9900 O1-C5 1.240 (2) C7-C8 1.503 (3) 
